The mechanisms by which DNA-damaging agents trigger the induction of the stress response protein p53 are poorly understood but may involve alterations of chromatin structure or blockage of either transcription or replication. Here we show that transcriptionblocking agents can induce phosphorylation of the Ser-15 site of p53 in a replication-independent manner. Furthermore, microinjection of anti-RNA polymerase II antibodies into the nuclei of cells showed that blockage of transcription is sufficient for p53 accumulation even in the absence of DNA damage. This induction of p53 occurs by two independent mechanisms. First, accumulation of p53 is linked to diminished nuclear export of mRNA; and second, inhibition specifically of elongating RNA polymerase II complexes results in the phosphorylation of the Ser-15 site of p53 in a replication protein A (RPA)-and ATM and Rad3-related (ATR)-dependent manner. We propose that this transcription-based stress response involving RPA, ATR, and p53 has evolved as a DNA damage-sensing mechanism to safeguard cells against DNA damage-induced mutagenesis.
T
he mechanisms by which DNA lesions are detected and how damage-response pathways are activated in cells are not well understood (1, 2) . The stress-response kinases ataxia telangiectasia mutated (ATM) and ATM and Rad3-related (ATR) link DNA damage to p53 activation by phosphorylating the Ser-15 site of p53 (3) (4) (5) (6) . Although the ATM kinase is activated after exposure to ionizing radiation (7), the ATR kinase responds to agents that interfere with replication such as UV light and hydroxyurea (6) . The tumor suppressor p53 is induced in response to a variety of different agents in all phases of the cell cycle (8, 9) . By acting as a transcription factor, p53 can induce the expression of gene products involved in DNA repair, cell cycle arrest, or apoptosis (10, 11) . It can also regulate DNA repair and apoptosis by transcription-independent mechanisms (12) . Under normal conditions, the p53 protein is rapidly targeted for nuclear export and degradation in a process regulated by the MDM2 protein (13) . After cellular stress, the MDM2-mediated negative regulation of p53 is abrogated, and p53 proteins accumulate in the cell nucleus. This nuclear accumulation can be accomplished by (i) DNA damage-induced phosphorylation of p53 and MDM2, leading to the interference of the interaction between MDM2 and p53 (14) ; (ii) inactivation of proteasomes (15) ; or (iii) inhibition of the nuclear export machinery (13, 16) .
DNA lesions that block RNA polymerase II induce the recruitment of transcription-coupled repair (TCR) and chromatin remodeling factors to recover RNA synthesis (17) (18) (19) . Cells defective in TCR induce p53 and apoptosis at much lower doses than cells with proficient TCR, suggesting that lesions in the transcribed strand of active genes trigger these responses (9, (20) (21) (22) . Although these studies have shown a correlation between blockage of transcription and the accumulation and phosphorylation of p53, the agents used have multiple targets in cells, and therefore it has not been possible to link blockage of transcription conclusively to the activation of the p53 stress response. Furthermore, agents that block transcription are likely also to affect replication. To investigate whether blockage of transcription is sufficient to induce p53 even in the absence of initial DNA damage, we microinjected anti-RNA polymerase antibodies into the nucleus of human fibroblasts. We show that this approach efficiently inhibits transcription and leads to the accumulation of p53 in the nucleus of injected cells. Phosphorylation of p53 at Ser-15 occurred specifically when elongating RNA polymerases were targeted and occurred in a replication protein A (RPA)-and ATR-dependent manner in all injected cells, whereas targeting of preelongation RNA polymerases resulted in nuclear accumulation of p53 without concomitant phosphorylation of the Ser-15 site. We show that the export of p53 is normally linked to the export of mRNA so that when mRNA synthesis is inhibited, p53 accumulates in the nucleus by default. Taken together, our studies suggest that cells monitor RNA synthesis and transcription elongation and launch a transcription stress response involving RPA, ATR, and p53 when transcription elongation is stalled.
Results

Phosphorylation of the Ser-15 Site of p53 Can Occur Independently of
Replication. Many agents that block RNA polymerase II elongation also block replication elongation. To investigate whether phosphorylation of p53 at the Ser-15 site can occur in a replication-independent manner, we serum-starved confluent human fibroblasts for 7 days and challenged them with the transcription-blocking agents UVC light (254 nm), actinomycin D, or photoactivated 4Ј-hydroxymethyl-4,5Ј,8-trimethylpsoralen (HMTϩUVA). UV light induces pyrimidine dimers and (6-4)photoproducts, actinomycin D intercalates into DNA, and HMTϩUVA forms interstrand DNA cross-links (23) . All of these agents were capable of inducing Ser-15 phosphorylation of p53 in confluent, serum-starved cells ( Fig. 1 A-C) . To verify that phosphorylation occurred in a replication-independent manner, we treated asynchronously growing human fibroblasts with HMTϩUVA in the presence of BrdU and then analyzed Ser-15 phosphorylation of p53 as a function of BrdU incorporation. It was found that Ser-15 phosphorylation occurred in both BrdUnegative as well as BrdU-positive cells (Fig. 1D) . These results show that Ser-15 phosphorylation can occur in a replication- independent manner after exposure to UV light, actinomycin D, or photoactivated psoralen.
Specific Blockage of RNA Polymerase II-Mediated Transcription Induces p53. We next sought to answer a question left ambiguous by previous studies, namely, is blockage of RNA polymerase II in the absence of DNA damage sufficient to induce p53 accumulation? To specifically inhibit RNA polymerase II transcription without initially inducing DNA damage, we microinjected into the nuclei of human fibroblasts anti-RNA polymerase II antibodies, which has been shown to specifically inhibit transcription within 3 h of microinjection (24) . Four different antibodies recognizing RNA polymerase II at different stages of transcription were used ( Fig. 2A) . The C21 antibody recognizes the preelongating form of RNA polymerase II with an unphosphorylated C-terminal domain (CTD), the H14 antibody recognizes a promoter-proximal postinitiation form of RNA polymerase II with a Ser-5-phosphorylated CTD, and the H5 antibody recognizes the elongating form that is phosphorylated at Ser-2 of the CTD (25) . Finally, the N20 antibody recognizes all forms of RNA polymerase II. We used injection of IgG as a control for effects induced by the microinjection procedure itself and as an antibody control that is not expected to interact with any specific antigens in the cells. To confirm that microinjection of these antibodies inhibits RNA polymerase II-mediated transcription, we microinjected the CMV-EGFP-Luc vector into cells premicroinjected with the different anti-RNA polymerase II antibodies. This vector was used to monitor RNA polymerase II activity because it expresses GFP from a RNA polymerase II-dependent promoter. We found that microinjection of IgG did not interfere with the expression of EGFP from the CMV-EGFP-Luc vector (Fig. 2B) . However, microinjection of any of the four different anti-RNA polymerase II antibodies resulted in little or no expression of EGFP from the CMV-EGFP-Luc vector compared with neighboring cells injected with the expression vector alone. Thus, our microinjection approach using anti-RNA polymerase II antibodies efficiently inhibits RNA polymerase II-mediated transcription in human fibroblasts.
We next microinjected human fibroblasts with the different anti-RNA polymerase II-specific antibodies, and 4 h later the cells were fixed, and the presence of p53 was determined by immunocytochemistry. It was found that microinjection of any of the four RNA polymerase II antibodies resulted in a substantial increase of the number of cells with nuclear accumulation of p53 ( Fig. 2 C and  D) . In contrast, microinjection of IgG did not result in the induction of p53, indicating that the microinjection procedure itself or the presence of high concentration of antibody in the nucleus does not induce a stress response leading to p53 induction. We next explored whether the different antibodies could induce Ser-15 phosphorylation of p53 and found that microinjection of the C21 antibody did not induce elevated levels of Ser-15 phosphorylation of p53 ( Fig. 2 E and F) despite causing significant nuclear accumulation of p53 (see Fig. 2 C and D) . However, microinjection of the N20 and H14 antibodies resulted in nuclear accumulation of Ser-15-phosphorylated p53 in 30-40% of the microinjected cells, and microinjection of the H5 antibody resulted in accumulation of Ser-15-phosphorylated p53 in Ͼ90% of the cells. Thus, only the antibodies able to recognize the elongating form of RNA polymerase II were able to trigger Ser-15 phosphorylation of p53. The reason that the H5 antibody caused a more robust induction of Ser-15 phosphorylation than the N20 and H14 antibodies may be that it specifically targets the elongating form of RNA polymerase II. The N20 antibody, on the other hand, targets all forms of RNA polymerase II, even initiating polymerases, leading to less new initiation and therefore fewer elongating polymerases that can be forced to stall. Finally, the H14 antibody targets promoter-proximal elongation that may generate a weaker stress signal because normally, RNA polymerases frequently pause in these promoter-proximal regions.
Nuclear Accumulation of p53 After Transcription Blockage Is Linked to
Diminished Nuclear Export of mRNA. Phosphorylation of the Ser-15 site of p53 is thought to be one of the initiating phosphorylation events after cellular stress that stimulates subsequent modifications and stabilization of the p53 protein (14) . Our findings that p53 accumulates in the nucleus without concomitant Ser-15 phosphorylation after inhibition of the preelongating phase of transcription are thus intriguing. We have previously demonstrated that generic nuclear export of proteins containing nuclear export signals is reduced after inhibition of transcription (26) . This reduction was found to be specifically linked to diminished nuclear export of mRNA. Because the p53 protein contains two nuclear export signals and p53 proteins accumulate in the nucleus after the inhibition of transcription, we next explored whether p53 nuclear export is linked to mRNA export.
To specifically block mRNA export, we microinjected antibodies raised against TAP, the main nuclear export factor for mRNA (27) . As expected, microinjection of anti-TAP induced the nuclear accumulation of poly(A) mRNA (Fig. 3A) and reduced the expression of the RNA polymerase II-driven CMV-EGFP-Luc construct (Fig. 3B) . Importantly, microinjection of anti-TAP antibodies resulted in nuclear accumulation of p53 ( Fig. 3 C and E) . The nuclear accumulation of p53 after microinjection of anti-TAP antibodies was not accompanied by Ser-15 phosphorylation, suggesting that the accumulation of nuclear p53 was the result of diminished nuclear export rather than induction of a stress response (Fig. 3 D and F) . Similar results were obtained when expressing a dominant negative form of NUP160, a nucleoporin protein required for efficient nuclear export of mRNA (Fig. 3G) (28) . These results strongly suggest that nuclear export of p53 is normally linked to the nuclear export of mRNA and that p53 accumulates in the nucleus by default when mRNA synthesis or export is inhibited.
Phosphorylation of the Ser-15 Site of p53 After Inhibition of Transcription Elongation Depends on RPA and ATR. We first investigated whether Ser-15 phosphorylation of p53 is defective in ATRdeficient Seckel syndrome cells after blockage of transcription elongation. Our results show that Ser-15 phosphorylation was attenuated in the ATR-deficient cells after treatment with photoactivated psoralen (Fig. 4A) , UV light (Fig. 4B) , or actinomycin D (Fig. 4C) . We next asked whether the Ser-15 phosphorylation induced by specific blockage of transcription elon- gation by microinjection of the anti-RNA polymerase II antibodies H5 and N20 is also mediated by the ATR kinase. To inhibit the ATR kinase in cells specifically and rapidly, we microinjected anti-ATR antibodies into the nuclei of human fibroblasts. Microinjection of anti-ATR antibodies fully abrogated the ATR-dependent phosphorylation of the Ser-15 site of p53 after UV irradiation (6), validating this approach (Fig. 4D) . When the anti-ATR antibodies were microinjected together with the N20 antibodies, we found that the anti-ATR antibodies abolished the ability of the N20 antibody to induce Ser-15 phosphorylation of p53 (Fig. 4 E and F) . This finding strongly suggests that Ser-15 phosphorylation of p53 after blockage of transcription elongation is mediated by ATR. Because the RPA protein is thought to activate the ATR kinase, we next explored whether sequestering of the RPA protein in cells by microinjection of anti-RPA antibodies also would abolish induction of Ser-15 phosphorylation of p53 after blockage of transcription elongation. It was found that comicroinjection of anti-RPA antibodies with the anti-RNA polymerase II antibody H5 abolished Ser-15 phosphorylation (Fig. 4F) . We also microinjected the H5 antibody into AT fibroblasts and found that these cells induced Ser-15 phosphorylation similarly to wild-type cells, indicating that the ATM kinase is not involved in the induction of Ser-15 phosphorylation after blockage of transcription elongation (Fig. 4G ). Taken together, these results suggest that RPA and the ATR link blocked transcription elongation complexes with the p53 response pathway by the phosphorylation of the Ser-15 site of p53.
Discussion
In this work, we show that specific inhibition of transcription by microinjection of anti-RNA polymerase II antibodies into the nucleus of human fibroblasts induced p53 and that this induction occurred by two different mechanisms. First, our work suggests that p53 is normally exported out of the nucleus in a process dependent on the export of mRNA so when synthesis or export of mRNA is blocked, p53 accumulates in the nucleus by default. Second, inhibition specifically of transcription elongation leads to the phosphorylation of the Ser-15 site of p53 in an RPA-and ATR-dependent manner (Fig. 5) . These results show unambiguously that blockage of transcription is sufficient for the induction of nuclear accumulation of p53. Furthermore, our work suggests a role for RPA and ATR in stress response signaling by monitoring the elongation phase of RNA polymerase IImediated transcription. It has been shown that the ATR kinase is activated in an RPA-dependent manner after interference with DNA replication leading to Ser-15 phosphorylation of p53 (29) . Our work suggests that RPA and ATR may also be involved in monitoring transcription elongation. Our finding that p53 is phosphorylated in an RPA-and ATR-dependent fashion after inhibition of transcription elongation even in the absence of initial DNA damage suggests that generically stalled RNA polymerase II complexes or some altered DNA structure generated when transcription stalls triggers the stress signal (Fig. 5) . We hypothesize that a region of single-stranded DNA is formed after blockage of transcription elongation that attracts RPA, leading to the recruitment of ATR and the activation of p53 by phosphorylation of the Ser-15 site. Consistent with this hypothesis is a recent study showing that RPA and ATR preferentially accumulate on transcribed DNA sequences after UV irradiation, presumably at sites of blocked RNA polymerases (30) . This accumulation occurs even in XP-A cells, suggesting that the recruitment of RPA to active genes is not related to its role in nucleotide excision repair. Furthermore, because we did not find any role for ATM in the phosphorylation of Ser-15 after blockage of transcription elongation, it is unlikely that transcription stalling results in DNA double-stranded breaks that in turn would attract RPA during repair processing. What is the physiological role of p53 accumulation at times when transcription is inhibited? One possibility is that the induced p53 can mediate transcription-independent apoptosis by translocating to mitochondria (31) . However, we did not observe any accumulation of p53 at mitochondria or in the cytoplasm after blockage of transcription in our work. It has been shown that p53 protects both human fibroblasts (32) and keratinocytes (33) against UV light, which is the most physiological transcription inhibitor to which skin cells are exposed. It is possible that nuclear accumulation of p53 after UV-induced transcription blockage ensures a rapid and strong induction of target genes as transcription resumes after removal of transcription-blocking lesions by transcription-coupled repair. Only at high doses, UV light may stimulate p53-dependent apoptosis by preferentially inducing small apoptosis-promoting genes (34) . Alternatively, the protective effect of nuclear accumulation of p53 after moderate doses of UV irradiation may be the result of the ability of p53 to enhance nucleotide excision repair by increasing DNA damage accessibility in chromatin (35) .
The safeguarding of the genome requires a substantial effort because of the large number of lesions that are formed in the DNA on a daily basis from both endogenous and exogenous sources (23) . Some of these lesions may interfere with transcription, directly or indirectly (36) leading to the induction of stress responses and apoptosis that protect the organism against carcinogenesis but may also contribute to aging (20, (37) (38) (39) . Although protein-coding genes only constitute Ϸ2% of the genome, recent studies suggest that RNA polymerase II may transcribe as much as 60-70% of the genome (40) . The purpose of this vast engagement in transcription is not well understood, but it has been suggested that the noncoding RNAs generated may participate in gene regulation (40) . Based on the presumptive role of the elongating RNA polymerase II complex as a sensor of DNA damage (39), we propose that this vast transcription in the genome may serve as an effective damagescanning mechanism. By triggering transcription-coupled repair and induction of p53 after transcription blockage, RNA polymerase II may act as both a sensor and dosimeter for DNA damage and as such may play an important role in tumor suppression.
Materials and Methods
Cell Culture, Treatments, and Antibodies. Diploid human fibroblasts and AT fibroblasts (GM01588) were grown as monolayers in culture dishes or on coverslips in MEM supplemented with 10% FBS and antibiotic/antimycotic (GIBCO, Grand Island, NY). Human lymphoblast cells (Seckel-ATR, 536 wild-type, 1526 AT) were grown in RPMI supplemented with 15% FBS (GIBCO). Cells were treated with 20 nM actinomycin D (Sigma, St. Louis, MO) in medium for the indicated time periods at 37°C, 1 g/ml HMT (HRI Associates, Concord, CA) in PBS for 10 min in the dark at 4°C followed by a 10-min irradiation from a UVA source or UVC irradiation at room temperature with a germicidal UVC light (254 nm). The dose rate of the UVC light source (Philips, New York, NY) was measured with a UVX radiometer (UVP, Inc., Upland, CA). Antibodies used for microinjection were rabbit IgG (Sigma), rabbit polyclonal anti-RNA polymerase II (N20; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-RNA polymerase II (C21; Santa Cruz Biotechnology), mouse monoclonal anti-Ser-2-phosphorylated RNA polymerase II (H5; Covance, Berkeley, CA), mouse monoclonal anti-Ser-5-phosphorylated RNA polymerase II (H14; Covance), goat polyclonal anti-TAP (R20; Santa Cruz Biotechnology), rabbit polyclonal anti-ATR (Abcam, Cambridge, MA), and mouse monoclonal anti-RPA, 70 kDa (ab-1; Oncogene, Cambridge, MA).
Western Blotting. After treatment, cells were rinsed with ice-cold PBS, detached by scraping, and collected by centrifugation. Cell lysates were extracted in 1% Nonidet P-40 lysis buffer by rotation at 4°C for 20 min followed by a 10-min centrifugation at 16,060 ϫ g at 4°C. The cell samples were boiled for 5 min in loading buffer [1.6% SDS/5% (vol/vol) glycerol/5% 2-mercaptoethanol/0.05% bromophenol blue/62.5 mM Tris, pH 6.8] before loading. Protein concentrations were quantified by using a protein assay (BioRad, Hercules, CA), and Ϸ40 g of protein was loaded per lane. After SDS/PAGE, proteins were electrophoretically transferred to Immobilon-P or Immobilon-FL transfer membranes (Millipore, Billerica, MA). Antibodies used for the Western blotting were anti-Ser-15 phospho-specific p53 antibody (Ser-15; Cell Signaling Technology, Danvers, MA), anti-p53 antibody (Ab-2; Oncogene Research Products, Boston, MA), and anti-ATR (Abcam). X-ray film (blue sensitive autoradiographic film; Marsh Bio Products, Rochester, NY) and chemiluminescence (Super Signal CL-HRP substrate system, Pierce, Rockford, IL) were used to visualize the p53 proteins. Western blotting was also carried out by using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE). Two-Parameter Flow Cytometry. Immediately after psoralen and UVA treatment, 30 M BrdU (Sigma) was added to the growth medium and was maintained in the medium for the entire postincubation period. For experiments measuring phosphorylation of the Ser-15 site of p53 and BrdU incorporation, cells were harvested 6 h after the psoralen treatment and fixed by adding ice-cold 70% ethanol dropwise under vortexing. The staining procedure for BrdU was performed essentially as described previously (41) . We incubated the fixed cells with mouse anti-human BrdU antibodies conjugated to Alexa Fluor 647 (Molecular Probes, Eugene, OR) and rabbit phosphospecific Ser-15 anti-p53 antibodies for 30 min at room temperature. The cell samples were analyzed for BrdU content (Alexa Fluor 647) and Ser-15 phosphorylation of p53 (FITC) by using flow cytometry (Coulter Elite ESP cell sorter; Beckman Coulter, Fullerton, CA).
Antibody Microinjections. Antibodies used to inhibit RNA polymerase II were microinjected into the nuclei of human fibroblasts at a concentration of 2 mg/ml. Microinjection was performed as described previously (26) . Cells were then fixed by using 3.7% paraformaldehyde followed by permeabilization with permeabilization buffer (PBS/0.2% Triton X-100/0.5% BSA).
Immunocytochemistry. Immunocytochemistry was performed as described previously (26) . The antibodies used were mouse monoclonal anti-p53 antibody 1801 (a gift from Jiayuh Lin, Ohio State University, Columbus, OH), rabbit monoclonal anti-p53 antibody (FL; Santa Cruz Biotechnology), mouse monoclonal phospho-specific anti-Ser-15-phosphorylated p53 (Cell Signaling Technology), and rabbit monoclonal phospho-specific antiSer-15-phosphorylated p53 (Cell Signaling Technology). The cells microinjected with the rabbit and mouse antibodies were visualized by incubation with anti-rabbit or anti-mouse secondary antibodies conjugated with Alexa Fluor 555 (red), Alexa Fluor 488 (green) (Molecular Probes), or FITC (Sigma). Images were captured by using a Akioskop fluorescent microscope (Zeiss, Thornwood, NY) with Plan-NEUFLUAR ϫ63/1.25 oil lens and a CoolSnapPro digital camera (MediaCybernetics, Bethesda, MD) with associated software.
Expression of Dominant Negative Nup160 and Localization of Poly(A) ؉
RNA. These experiments were performed as described previously (26, 28) .
